Nano-Si Multi-wall carbon nanotube Sodium carboxymethyl cellulose Free-standing electrode Lithium-ion battery a b s t r a c t Nano-Si/(multi-wall carbon nanotube) (Si/MWCNT) composite paper was prepared as flexible electrode for lithium ion batteries by a simple filtration method using sodium carboxymethyl cellulose (CMC) as a dispersing/binding agent, followed by a thermal sintering process. Scanning electron microscopy (SEM) showed that nanosized Si particles were dispersed homogeneously and intertwined by the MWCNT throughout the whole paper electrode. After thermal sintering, Si/MWCNT paper electrode exhibited a significantly improved flexibility with a high Si content of 35.6 wt% as compared with before sintering, and retained a specific capacity of 942 mAh g −1 after 30 cycles with a capacity fade of 0.46%/cycle.
Introduction
Single-wall carbon nanotube (SWCNT) and MWCNT, with a onedimensional host lattice structure, have gained great attention for the applications in lithium ion batteries, due to their unique properties, such as the high aspect ratio, low mass, flexibility, high mechanical strength, and high electrical conductivities [1] [2] [3] [4] . However, these carbon nanotubes (CNT) have limited theoretical capacities. The Li reversible capacity for MWCNT and SWCNT electrodes ranges within 80-680 mAh g −1 and 450-600 mAh g −1 , respectively [5] [6] [7] . It is well known that silicon has a high theoretical capacity of 4200 mAh g −1 , but low intrinsic conductivity. And Si anode suffers from poor cycling stability during the insertion and extraction of Li over cell cycling, which consequently leads to the pulverization of the active mass particles, hence permanent capacity fading [8] [9] [10] . Recently, great efforts have been devoted to synthesizing Si/CNT composites, aiming to take both advantages of CNT and Si to develop anode materials with high performance.
To date, various attempts have been reported to prepare Si/CNT composites. A common method is directly using Si particles and CNT as active materials in the electrode paste. For example, Zhou et al. prepared a Si/disordered carbon/MWCNT composite by pyrolyzing the mixture of phenolformaldehyde resin, Si particles and MWCNT which showed a reversible capacity of 711 mAh g −1 and improved cycling performance for 20 cycles [11] . Two other approaches, directly growing CNT on the surface of Si particles or coating Si particle or film on CNT surface by chemical vapor deposition (CVD), have been reported to prepare Si/CNT composites [12] [13] [14] [15] . These composites also showed improved electrochemical performance than the bare Si electrode. However, these materials are still not satisfactory for practical use in terms of cycling stability, manufacturing cost, and capacity improvement.
Carbon-based paper-like flexible electrodes for batteries and supercapacitors have been extensively studied these years [7, 13] . The manufacturing process for the free-standing paper-like CNT electrode can be simplified compare to that of the conventional electrode by coating on a metal current collector with a paste containing active material, electrical conductor, binder and solvent; and this free-standing CNT electrode is lightweight, flexible, and has good cycling stability. Chou et al. prepared a flexible Si/SWCNT composite electrode using the pulsed laser deposition method to deposit Si onto SWCNT paper [14] . However, this method is complicated and costly, and the Si content in the composite paper was very low (only 2.2%). Later on, a simple filtration method has been developed to prepare a free-standing graphene electrode by filtrating a mixture of Si particles and graphene through a filter [16, 17] . Unfortunately, the flexible electrodes, due to the high surface activity of nano-Si, it is difficult to obtain Si/CNT free-standing electrode with high Si content.
In this work, we reported the synthesis of Si/MWCNT freestanding electrode with high Si content using the filtration method, by filtering a mixture of nano-Si particles, MWCNT, and CMC used as a dispersing and binding agent. The Si/MWCNT composite is denoted as film electrode. After subsequently thermal sintering, the composite is denoted as paper electrode. The physical characterizations and electrochemical properties of these film and paper electrodes were investigated. The morphologies of the MWCNT and Si composites were observed by SEM (Hitachi S-4800, Japan) with an energy-dispersive detector (EDS). The phase identification was performed by Xray diffraction (XRD, PANALYTICAL Incorporated, the Netherlands) from 10 • to 80 • . Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) results were obtained with Zennium/IM6 electrochemical workstation (Zahner, Germany).
Experimental

Materials and equipments
CMC (
Characterization of electrochemical properties
The coin cells (CR2025) were assembled to test the electrochemical performance of the as-prepared MWCNT paper and Si/MWCNT free-standing paper, using 1 M LiPF 6 EC/DEC/DMC (1:1:1 by volume) as the electrolyte and a Li foil as the counter electrode. The cells were charged and discharged galvanostatically in the fixed potential window from 10 mV to 1.5 V on a Shenzhen Neware battery cycler (China) at 25 • C. The calculated capacity was based on the whole mass of the paper electrodes.
CV were conducted in a cell at 0.1 mV s −1 from 10 mV to 1.5 V. EIS was measured by applying an alternating potential of 5 mV over the frequency ranging from 10 −2 to 10 5 Hz.
Synthesis of Si/MWCNT composites
The pristine MWCNT was purified by treating with the concentrated HCl to remove the metal catalysts. The purified MWCNT was refluxed in a mixed acid (V H 2 SO 4 /V HNO 3 = 3/1) solution for 2 h at 80 • C to prepare the carboxylated MWCNT, then rinsed with deionized water and dried under vacuum [18] [19] [20] . The preparation of Si/MWCNT film and paper using the filtration method is schematically shown in Fig. 1 . A typical procedure is described as follows. Firstly, nanosized Si powders (10 mg) were dispersed in the 40 mL deionized water under ultrasonication for 0.5 h. To this solution, MWCNT (20 mg) and CMC (0.35 g 3.5% CMC solution) were added and sonicated for another 0.5 h. Then, the Si/MWCNT composite suspension was filtrated with a hybrid cellulose membrane (0.22 m) to obtain a Si/MWCNT free-standing composite. After dried under vacuum at 60 • C for 6 h and immersed in acetone solvent to remove the cellulose membrane, the Si/MWCNT film was obtained. The Si/MWCNT free-standing paper was prepared by subjecting Si/MWCNT free-standing film for sintering at 800 • C for 3 h under an Ar atmosphere at a heating rate of 3 • C min −1 . The MWCNT film and paper without Si were prepared using the same procedures for comparison.
Results and discussion
Fig . 2 shows the FTIR spectra of all the experimental samples. In Fig. 2b , the more intensed peak at 1705 cm −1 , as compared with the pristine MWCNT (Fig. 2a) , corresponds to stretching bands of carboxylic acid groups resulting from acid treatment [21, 22] . The peaks at 2340 cm −1 are due to the absorption of unbalanced CO 2 gas from the air on MWCNT [23] . The spectrum of CMC (Fig. 2h) shows the CH O CH 2 stretching vibrations of at 1060 cm −1 , the carboxyl group (COO ) stretching vibrations at 1630 cm −1 , the (C H) stretching vibration at 2920 cm −1 and hydroxyl ( OH) stretching vibrations at 3440 cm −1 , respectively [24, 25] . The typical peaks at 1630 cm −1 (COO ) and 3440 cm −1 ( OH) can also be found in MWCNT film (Fig. 2c) and Si/MWCNT film (Fig. 2e) , indicating that some of CMC retained in the composite film. When the MWCNT film sample and Si/MWCNT film sample were sintered at 800 under an Ar atmosphere, these typical peaks in the MWCNT paper ( Fig. 2d) and Si/MWCNT paper ( Fig. 2f ) disappeared, demonstrating that CMC was transformed into carbon which acts as a binding media for Si particles and MWCNTs. The typical peaks of the carboxylic acid groups on MWCNT at 1705 cm −1 also disappeared after sintering. The peaks at 1100 cm −1 for Si/MWCNT film (Fig. 2e) , Si/MWCNT paper ( Fig. 2f) and Si (Fig. 2g) are attributed to the characteristic stretching modes of Si O Si bonds from the oxide impurity of Si particles [26] .
The X-ray diffraction patterns obtained from the MWCNT and Si/MWCNT film and paper are shown in Fig. 3 . Typical CNT peaks of the (0 0 2) and (1 0 1) reflections are observed for these samples [23, 27] . Si/MWCNT film/paper samples present typical diffraction peaks at 2 theta of about 28. [28] .
The MWCNT and Si/MWCNT film/paper were prepared by mixing the nanosized Si powders and MWCNT in deionized water without adding CMC as a binder and dispersing agent respectively, and followed by the filtration and drying procedures described above. Fig. 4a and b shows the photographs of MWCNT film and Si/MWCNT film without CMC, respectively. MWCNT film has smooth surface and shows good flexibility while bending (Fig. 4a) . With adding high content of nano-Si particles, the Si/MWCNT film cracked while bending, not possible used as a flexible electrode (Fig. 4b) . When adding an appropriate amount of CMC in the mixture suspension of Si and MWCNT, the prepared Si/MWCNT film became more flexible, and can be processed to make flexible electrode (Fig. 4c inset) . The cross-sectional SEM images of MWCNT and Si/MWCNT film/paper are also shown in Fig. 4 . After thermal sintering, both MWCNT film (Fig. 4c) and Si/MWCNT film (Fig. 4e ) reduced about 2 m in thickness. Due to the high content of nanoSi in the composites, Si/MWCNT film/paper is 2 times thicker than the corresponding MWCNT film/paper. Fig. 5 presents typical low and high magnification SEM images and TEM images of Si/MWCNT film/paper, showing that Si particles were well embedded in MWCNT. From the top view (Fig. 5a  and c) , we can see that there are a lot of interspaces between the tubes of MWCNT, which facilitates the infiltration and rapid transport of electrolyte to these film/paper electrodes. From the cross-sectional view ( Fig. 5b and d) , we can see that the Si particles were entangled by MWCNT and homogeneously dispersed throughout the whole paper electrode. TEM images of Si/MWCNT film/paper sample showed similar structures as SEM ( Fig. 5e and f) . But, Si/MWCNT film showed a clear shapeless morphology of CMC between Si particles and MWCNT. Further results of SEM examination combined with EDS mapping for the elements Si and C are shown in Fig. 6 . The bright regions correspond to the presence of the elements Si and C in Fig. 6b and c, respectively, indicating that C and Si are distributed homogenously throughout the whole area. Table 1 lists the content of Si in Si/MWCNT film/paper. As a water soluble binder, CMC was partially filtrated out with water from the Si/MWCNT composite suspension. As a result, the final mass of MWCNT and Si/MWCNT film was less than the total mass of raw materials ( Table 1 ). The feeding mass for Si/MWCNT is 10.0 mg and 20.0 mg, respectively; and the Si/MWCNT composite has a mass of 35.5 mg. The remained CMC can be calculated to be 5.5 mg by subtracting Si and MWCNT content from the whole composite, giving the content of 45 wt% in the composite. After thermal sintering, the remained CMC was carbonized; and the release of oxygen-containing groups on the carboxylated MWCNTs also causes some of the mass loss during the thermal treatment [29, 30] . Therefore, the mass of MWCNT and Si/MWCNT composite was further decreased. Because the mass of Si 10.0 mg in the prepared process is considered to remain unchanged, The Si content for Si/MWCNT film and paper sample can be calculated to be 28.2 wt% and 35.6 wt% respectively, by dividing the Si mass (10 mg) with the corresponding mass of film (35.5 mg) and paper (28.1 mg) sample. Fig. 7 displays the charge-discharge potential profiles of the MWCNT electrodes and Si/MWCNT composite electrodes at a current density of 100 mA g −1 between 0.01 and 1.5 V (vs. Li/Li + ). During the first insertion process, an obvious discharge curve profile was observed for both MWCNT film and paper electrode, due to the insertion of lithium ions into the carbon host ( Fig. 7a and b) . As comparison, Si/MWCNT composite electrodes exhibited a broader discharge profile and an apparent discharge platform which is mainly caused by the alloying process of silicon with lithium ( Fig. 7c  and d) . The MWCNT film and paper electrode ( Fig. 7a and b) showed an initial discharge capacity of 407 mAh g −1 and 602 mAh g −1 , but with a low first charge capacity only 61 mAh g −1 and 206 mAh g −1 and a low coulomb efficiency of 15.0% and 34.2%, respectively. These data are similar with reported in literature for MWCNT electrodes [7, 14] . The Si/MWCNT film electrode showed relatively high initial charge/discharge capacity of 1073/1565 mAh g −1 and with a coulomb efficiency of 68.5%. However, the capacity decreased to 508 mAh g −1 at 30th cycle (Fig. 7c) . Si/MWCNT paper electrode exhibited an initial charge/discharge capacity of 1058/1328 mAh g −1 , respectively (Fig. 7d) , and much improved initial efficiency of 79.7% as compared with 68.6% for Si/MWCNT film.
The CV curves of MWCNT paper and Si/MWCNT paper electrodes are shown in Fig. 8 . The peak at 0.75 and 0.70 V vs. Li/Li + (the cathode part of CV during the 1st discharge process) corresponds to the formation of SEI film on MWCNT paper and Si/MWCNT paper electrodes, respectively [7] . However, we cannot find a similar peak on both CV curves of MWCNT film electrode and Si/MWCNT film electrode. It is known that SEI film is an insulator for electron and a good conductor for lithium ion which can freely insert and de-insert through this passivity film [31, 32] . The SEI film on the paper electrodes would lead to a crucial influence upon the cycling capability of electrode materials as shown below in our cycling experiments.
The cycling performance of these composite films and papers at a current density of 100 mA g −1 is displayed in Fig. 9a . After 30 cycles, MWCNT film and paper electrodes showed a relatively stable discharge capacity of around 70 and 190 mAh g −1 , respectively. Due to the contribution of high capacity Si component, both Si/MWCNT film and paper electrode showed a higher discharge capacity than the corresponding MWCNT film and paper electrode. Si/MWCNT paper electrode exhibited the best cycling stability, maintaining a capacity of 942 mAh g −1 after 30 cycles with a small capacity fade of 0.48%/cycle (except the first cycle) which was lower than Si/MWCNT film electrode (1.78%/cycle). Fig. 9b shows the SEM of the Si/MWCNT paper electrode after 30 cycles; no remarkable morphology change was observed after repeated Li charge/discharge process. Fig. 10a shows the rate capability of the Li-Si/MWCNT film and paper cells. The cells were cycled at a current density of 50 mA g −1 for an initial 5 cycles. Then the current density was increased gradually to 500 mA g −1 and finally returned to 50 mA g −1 again. For the Si/MWCNT paper electrode, it showed the first charge/discharge capacity of 1022/1301 mAh g −1 with a coulomb efficiency of 78.6%. After 5 cycles, the coulomb efficiency increased to 96%. At the current density of 100 mA g −1 , the cell exhibited an average reversible capacity of about 1050 mAh g −1 with a coulomb efficiency of 97%. At a higher current density of 200, 400 and 500 mA g −1 , the average reversible capacity showed 940, 757 and 650 mAh g −1 , respectively. When reducing the current density back to 50 mA g −1 again, the reversible capacity quickly raised to 878 mAh g −1 . But for the Si/MWCNT film electrode, it only showed an average reversible capacity of 906, 581 261 and 184 mAh g −1 under the current density of 100, 200, 400 and 500 mA g −1 respectively, displaying a worse rate performance when compared with Si/MWCNT paper.
To investigate the difference of electrochemical performance, EIS was employed to characterize the impedance properties of Si/MWCNT film and paper electrodes. Fig. 10b compares the Nyquist plots of Si/MWCNT film and paper electrodes. Both Nyquist plots consist of a depressed semicircle at high frequency range correlated with the electron transfer resistance on the electrode interface [33, 34] diameter of high frequency semicircle even after 30 cycles as compared with the Si/MWCNT film electrode, indicating an improved kinetic characters of electrode reactions (i.e. charge transfer and polarization) and good electronic contact even after repeated cycling for Si/MWCNT paper electrode, which could be attributed to the SEI film formation and the structure change of Si/MWCNT composite after sintering (Fig. 11 shows the schematic drawing). After being filtrated, the nano-Si particles were dispersed among MWCNT and CMC. However, the contact between Si and MWCNT was not very well and the structure was still slightly unconsolidated. Under this circumstance, MWCNT could not play a very effective buffering role against the volume change of the Si particles due to phase transitions during the charge and discharge process. After sintering, the nano-Si particles were tightly squeezed in the MWCNT matrix due to the structural shrinkage caused by the carbonization of CMC, which can be seen in Fig. 5 that Si/MWCNT paper showed a more compact structure than Si/MWCNT film. What's more, the better electro-conductivity of MWCNT after sintering will also act as a favorable factor to improve the electrochemical performance.
Conclusions
We prepared the nano-Si/MWCNT composite paper as flexible electrode for lithium-ion batteries by a simple filtration method using CMC as a dispersing/binding agent, followed by a thermal sintering process. The CMC addition is essential to obtain flexible free-standing Si/MWCNT electrodes with high Si contents. After thermal sintering process, the nano-Si particles were tightly squeezed in the MWCNT matrix due to the structural shrinkage caused by the carbonization of CMC, and the SEI film can be easily formed on the surface of paper electrode during the first insertion process. The as-prepared Si/MWCNT paper electrode exhibited a significantly improved flexibility with a high Si content of 35.6 wt%, and good rate performance and cycling performance with a specific capacity of 942 mAh g −1 after 30 cycles with a capacity fade of 0.46%/cycle.
